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DOI: 10.1039/c1jm13888jAg2Te simultaneously shows high mobility and low thermal conductivity, however the relatively low
band gap of 0.2 eV prevents it from achieving high thermoelectric figure of merit, zT, in the high
temperature phase. In this study, the band gap of Ag2Te has been increased enabling a zT of unity by
forming alloys and composites with PbTe, thereby demonstrating the importance of exploiting
potentially good thermoelectrics among these small band gap semiconductors and similar materials.Introduction
To make highly efficient thermoelectric devices for power
generation or refrigeration, the most challenging aspect is to
increase the thermoelectric figure of merit (zT) of a thermoelec-
tric material. The transport properties including resistivity (r),
Seebeck coefficient (S), electronic (kE) and lattice (kL) compo-
nents of thermal conductivity (k ¼ kE + kL) determine the figure
of merit, zT ¼ S2T/rk, where T is absolute temperature.
Virtually none of these properties can be independently tuned
as an effective approach for high zT because they are strongly
coupled to each other.1,2 However, the thermoelectric power
factor, which characterizes the electrical properties, is known to
be a function of effective mass (m*) and mobility (m)1,3–5 via the
weighted mobility3,4,6,7 (S2/rfm*1.5m). A further consideration of
multi-valley band systems and carrier scattering by acoustic
vibrations,8–10 as found in most efficient thermoelectrics at
temperatures where zT peaks, reveals that large number of
valleys (Nv)
3,4,11,12 and low conduction mass (mc*) are beneficial
for thermoelectric performance (S2/r f Nv/mc*).
3,4,13–15
In spite of the low degeneracy, it has long been known that
narrow band gap G-semiconductors (Nv ¼ 1) such as InSb and
InAs contain a power factor as high or even higher16,17 than those
of known high degeneracy n-type thermoelectrics18 (Nv $ 4),
because of the extremely low effective masses (#0.05me, where
me is the free electron mass).
19 However, very few studies have
shown zT > 0.5 in these materials, because of the strong detri-
mental effects of minority carriers due to the small gap and/or the
high thermal conductivity16,20 (20 W m1 K1 at 300 K).
Being similar to the above mentioned compounds, another
known G-semiconductor,21,22 Ag2Te, also shows very low effec-
tive mass23 leading to high mobility. In addition, the intrinsic low
thermal conductivity24 has inspired research interest in this
system as a thermoelectric material,25–27 and a maximum zT ofMaterials Science, California Institute of Technology, Pasadena, CA,
91125, USA. E-mail: jsnyder@caltech.edu
18256 | J. Mater. Chem., 2011, 21, 18256–182600.6 was achieved.26 Due to the small band gap (#0.2 eV,
depending on the phase modification) of this material,23,28 the
observed nearly intrinsic conduction (decreasing or flattening S
with increasing T)23,26,29behavior strongly suggests that the
potential of this material as a thermoelectric is not fully realized.
One approach to reduce the negative effects from the minority
carriers is to increase the band gap,1,3,5 especially at high
temperatures. In the present study, formation of an alloy
between Ag2Te and PbTe is utilized to achieve a band gap wide
enough to fully realize the potential of this material as an efficient
thermoelectric. This is motivated not only by the high solubility
at high temperatures (needed to increase the band gap), but also
by its strong temperature dependence, enabling fine precipitates
to be formed during the low temperature synthesis.30,31 This may
additionally scatter phonons, targeting a further reduction of the
thermal conductivity.30–32 Using this route we show significantly
higher zT near unity which emphasizes the importance of
increasing the band gap of these narrow-gap semiconductors as
thermoelectrics.Experimental methods
According to the Ag2Te-PbTe pseudo-binary phase diagram,
33–35
as shown in Fig. 1, compositions of (PbTe)x(Ag2Te)1x with x ¼
0, 0.05, 0.10 and 0.15 were synthesized by melting (1273 K for
6 h), quenching (in cold water), and annealing (at 700 K for
3 days) methods in vacuum sealed quartz ampoules. Hot pressed
(700 K for 1 h) pellets with a theoretical density$98% were used
for thermoelectric transport property measurements. In attempt
to tune the carrier concentration, another x ¼ 0.10 sample (x ¼
0.10-Ag) was also synthesized using 0.02% at. deficiency of Ag:
(PbTe)x(Ag1.9996Te)1x. The resistivity and Hall coefficient (RH)
were simultaneously measured using the Van der Pauw technique
under a reversible magnetic field of 2T. The Seebeck coefficient
was obtained from the slope of the thermopower vs. temperature
gradient using Chromel-Nb thermocouples.36 Thermal diffu-
sivity (D) was measured by the laser flash method (Netzsch LFAThis journal is ª The Royal Society of Chemistry 2011
Fig. 1 The (PbTe)x(Ag2Te)1x pseudo-binary phase diagram.37 A high
solubility of PbTe in Ag2Te enables a band gap wide enough for utili-
zation at high temperatures for thermoelectric applications. The strong
temperature dependent solubility supports precipitate growth below the
eutectic temperature.33–35 The points shown are the compositions and
final annealing temperatures used in this study, which are quenched from
the melt at 1273 K.
D
ow
nl
oa
de
d 
by
 C
al
ifo
rn
ia
 In
sti
tu
te
 o
f T
ec
hn
ol
og
y 
on
 0
5 
D
ec
em
be
r 2
01
1
Pu
bl
ish
ed
 o
n 
17
 O
ct
ob
er
 2
01
1 
on
 h
ttp
://
pu
bs
.rs
c.
or
g 
| do
i:1
0.1
039
/C1
JM
138
88J
View Online457). A Dulong-Petit value (3kB per atom) of heat capacity (Cp)
is used to determine the thermal conductivity via k ¼ dCpD,
where d is the density measured using the mass and geometric
volume of the pellet. The combined uncertainty for the deter-
mination of zT is 20%. X-ray diffraction and scanning electron
microscopy (SEM) were use to characterize the phase composi-
tion (EDS) and microstructure.Results and discussion
The result of microstructure analysis on the as quenched ingots
having x ¼ 0.05 and 0.10 are shown in Fig. 2 a and b. As can beFig. 2 The microstructure for as-quenched (a and b) and annealed (c and d
backscattering mode. Precipitates are coarsened from 1 mm to several mm b
This journal is ª The Royal Society of Chemistry 2011seen, the 1 mm sized PbTe precipitates (white) are homoge-
nously dispersed into the Ag2Te matrix. This indicates the
formation of PbTe precipitates upon cooling. Composition
determination shows 48% at. Pb and 3% at. Ag in the PbTe
inclusions, and66.7% at. Ag and <1% Pb in the matrix Ag2Te
phase. Precipitate aggregation can be also found at the grain
boundaries. Typically the volume fraction of precipitates can be
well controlled by tuning the initial composition.31
Precipitate coarsening can be found by comparing the struc-
tures obtained by quenching and annealing for 3 days at 700 K
(Fig. 2 c and d). The PbTe precipitates grow to several microns in
size, presumably due to the fast diffusion of Pb in vacancy
structured Ag2Te (cubic phase at high temperatures).
34 All these
features suggest the alloy is formed rapidly as the temperature is
raised and the solid solution quickly precipitates with decreasing
temperature. This results in complex composition and tempera-
ture dependent thermoelectric transport properties.
The measured transport properties such as resistivity, Seebeck
coefficient, Hall carrier concentration (nH ¼ 1/eRH, e is the
electron charge) and Hall mobility (mH ¼ RH/r) are shown in
Fig. 3 a, b, c and d. Abnormalities in the data can be seen at
400 K in all the electrical transport properties and thermal
conductivity as well (Fig. 4). This is due to the low temperature
monoclinic to high temperature cubic phase transition of Ag2Te.
The influence of such a phase transition on the transport prop-
erties has been well studied.38–40
With the addition of PbTe, the slight increase in resistivity can
be ascribed to the slight decrease in Hall mobility, resulting from
the PbTe precipitates, as the Hall carrier concentration for
majority of the samples remains unchanged.
It should be noted that the Hall carrier concentration is
calculated form the measured Hall coefficient via nH ¼ 1/eRH.
The actual extrinsic carrier concentration is determined by the
defect or doping concentration, and usually is independent of
temperature30,41 as long as such impurities are fully ionized,) samples having x ¼ 0.05 (a and c) and x ¼ 0.10 (b and d), taken under
y post-annealing at 700 K for 3 days.
J. Mater. Chem., 2011, 21, 18256–18260 | 18257
Fig. 3 Temperature dependent electrical transport properties including resistivity (a), Seebeck coefficient (b), Hall carrier concentration (c) and Hall
mobility (d). The observed abnormalities at 400 K for each property are due to the monoclinic (low temperature)/ cubic (high temperature) phase
transition of Ag2Te. The temperature dependent mobility shows good consistency with the predicted (solid line, d) trend for an acoustic scattering
mechanism taking temperature dependent effective mass into account.
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View Onlinemeaning, an approximately constant RH with increasing
temperature. However, due to the thermally excited electron-hole
pairs, especially in narrow band gap semiconductors and at high
temperatures, minority carriers contribute to the transport and
lead to a compensation (decreasing) Hall coefficient, ultimately
leading to an increase of nH.
42
This does not necessarily mean the extrinsic doping is
increased in the current study. With a very small band gap of
0.05 eV for the low temperature phase23,28 (only 2 kBT at 300 K,
kB being the Boltzmann constant), there should be a large
quantity of minority holes since the full width half maximum
(FWHM) of the Fermi distribution is 4 kBT. For this reason,
the increase of nH, or more precisely, the decrease of RH, at
T < 400 K, is due to the compensation by minority carriers.
Similar to the nH increasing atT < 400K, the continuous increase
of nH found in the high temperature phase for the sample with
x ¼ 0 (Fig. 3c), is also due to the minority carriers even though
the band gap increases from 0.05 eV for the low temperature
phase to 0.2 eV for the high temperature cubic phase.21,43 The
activation of minority carriers also explains the observed flat-
tening of the Seebeck coefficient versus temperature for the x ¼
0 sample (Fig. 3b), and the slower increase in resistivity for x ¼
0 in the high temperature phase (Fig. 3a).
The addition of PbTe changes the temperature dependences of
all the electrical transport properties at T > 400 K. The nearly
constant Hall carrier concentration, and the approximately18258 | J. Mater. Chem., 2011, 21, 18256–18260linearly increasing Seebeck coefficient with increasing tempera-
ture, suggests this material behaves similarly to traditional good
thermoelectric materials showing degenerate semiconductor
behavior. With a PbTe solubility of about 8–12% mol.33–35 in
Ag2Te at 700 K, the high temperature transport properties can
be explained base on an alloy phase in this study.
The reason for the Ag2Te-PbTe alloys having different elec-
trical properties can be attributed to an increase in the band gap,
which reduces the influence of minority carriers. Utilizing the
Goldsmid method,44 the Seebeck coefficient measurement for
a simple band structure system such as Ag2Te
21,22 enables
a determination of the effective band gap via Eg ¼ 2eSmaxTmax,
where Smax and Tmax are the maximum Seebeck coefficient and
the temperature at which Smax occurs. This yields a band gap of
0.28 eV for the sample with x ¼ 0.10 at 650 K. Literature data
showing maximum Seebeck coefficients of Ag2Te enables an
estimation of Eg ¼ 0.04eV for the low temperature phase28 and
Eg ¼ 0.2eV for the high temperature phase.29 The values for Eg
obtained by this method for both high and low temperature
phases are excellently consistent with those determined by other
methods.21,23,28,43 Therefore, the resulting band gap of 0.28 eV
(greater than 5 kBT in this study) enables the degenerate semi-
conducting behavior by preventing the activation of minority
carriers.
It was known that carrier scattering in Ag2Te was dominated
by acoustic phonons in both low temperature and highThis journal is ª The Royal Society of Chemistry 2011
Fig. 4 Total thermal conductivity (a) and the lattice component (b) as
a function of temperature. The lattice thermal conductivity shows glassy
behavior and is close to the amorphous limit value of 0.3 W m1 K1 in
the entire temperature investigated.
Fig. 5 The thermoelectric figure of merit (zT) as a function of temper-
ature, showing a maximum zT of approximately unity in the range of
500–600 K.
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View Onlinetemperature phases.38,45,46 The existence of acoustic scattering
can be seen from the rapidly decreasing Hall mobility with
increasing temperature (Fig. 3d). Furthermore, the bands for
narrow gap Ag2Te were also found to be nonparabolic and could
be described by a Kane band model.38,45–47 Nonparabolic Kane
band theory14,48 and acoustic scattering theory8,9 enables
a detailed single Kane band model (SKB)14,48,49 to predict the
electrical transport properties of a thermoelectric semiconductor.
Using the above mentioned Eg and the measured electrical
transport shown in Fig. 3, the SKB model yields small effective
mass (<0.1 me) for these materials, which increases with
increasing temperature via dlnm*/dlnT¼ 0.5 and dlnm*/dlnT¼ 1
for the low and high temperature phases. Such an increase in
effective mass is very similar to PbTe14,30,50 having nonparabolic
bands. Knowing the temperature dependent effective mass, the
theoretical temperature dependent mobility can be predicted as
seen by the solid line in Fig. 3d for acoustic scattering. The
excellent consistency between the measured and predicted
temperature dependence of mobility further confirms the idea
that carrier scattering is dominated by acoustic phonons in these
materials. The obtained deformation potential coefficient, which
defines the strength of carrier scattering by acoustic phonons, is
found to be about 21 eV and 32 eV for low and high temperature
phases assuming an isotropic conduction band.This journal is ª The Royal Society of Chemistry 2011The total thermal conductivity (k) and its lattice component
(kL) are shown in Fig. 4 a and b, respectively. k for Ag2Te in this
study shows good consistency with the literature data26where the
resistivity was similar to that of this work. It should be noted that
the lattice thermal conductivity is obtained by subtracting the
electronic contribution (kE) from the total thermal conductivity,
where kE is determined by LT/r with the Lorenz number (L)
calculated from the above SKB model.14,48,49
With the addition of PbTe into Ag2Te, the fine microstructure
obtained (Fig. 2) is generally of interest for thermoelectrics
because of expected phonon scattering at the interfaces.30,31
However, this effect is not very significant in this study, due to
the intrinsically low kL of 0.3 W m1 K1 (Fig. 4b) in the Ag2Te
matrix material.
Ag2Te intrinsically has low thermal conductivity due to the
highly disorder structure of the Ag atoms.51,52 The Ag atoms in
the high temperature phase are highly mobile with liquid-like
diffusion coefficient.53,54This mechanism is effective in producing
low thermal conductivity materials for thermoelectrics such as
Cu2Se,
55Zn4Sb3
56 and AgCrSe.57With the measured longitudinal
and transverse sound velocities of 3900 and 1200 m s1, the kL for
all the materials obtained in this study are comparable to the
amorphous limit of 0.3 W m1 K1 in the entire temperature
range, according to the Debye and Cahill model.58 The intrinsi-
cally low kL can be partially explained by the very low mean
sound velocity of 1360m s1 (meaning a Debye temperature of
143 K), and is possibly due to the highly anharmonic vibrations
in these ionically conducting and disordered materials. The high
mobility of the Ag may lead to difficulties operating thermo-
electric generators due to electromigration as was the case for
Cu2Se thermoelectric material. However, formation of
Ag2xKxTe or Ag2xNaxTe alloys may reduce the conduction of
Ag+ because K2Te and Na2Te have at least twice higher activa-
tion energies for ionic conduction among all (Li, Na, K, Cu,
Ag)2Te compounds.
21
The temperature dependent zT is shown in Fig. 5. An effective
increase in the band gap, with a combination of intrinsic low
lattice thermal conductivity, actually leads to a zT  0.9 in the
x ¼ 0.05 sample and with better carrier concentration tuning,J. Mater. Chem., 2011, 21, 18256–18260 | 18259
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View OnlinezT  1 in the x ¼ 0.10-Ag sample (Fig. 3c). It should also be
noted that the zT curve is less temperature dependent than
conventional thermoelectric materials, which enables high
average zT for large device efficiency.Summary
In summary, the narrow band gap semiconductor Ag2Te is
improved to make a competitive thermoelectric material by
increasing the band gap through alloying and composite
formation with PbTe. A further combination of intrinsically low
lattice thermal conductivity enables a zT of unity, emphasizing
the necessary exploitation of this and other similar materials for
potential thermoelectric applications.Acknowledgements
This work is supported by NASA-JPL and DARPA Nano
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